Background: Klebsiella pneumoniae is an important cause of healthcare-associated infection. Carbapenemases have increasingly been reported in Enterobacteriaceae, especially in K. pneumoniae. Propose: The objective of this study was to determine antibiotic resistance patterns, and the molecular epidemiology of multidrug resistant K. pneumoniae isolates, obtained from hospitalized patients in Shiraz, Iran. Methods: In this study, 60 K. pneumoniaeisolates were collected from Nemazee and Faghihi referral hospitals. Antibiotic susceptibility testing and MIC were performed by disk diffusion test and Epsilometer (E)-test strips, respectively. Carbapenemase genes were identified by polymerase chain reaction and sequencing. Then, clonal relationships were analyzed, using PFGE. Results: Thirty-three out of 60 K. pneumoniae isolates were resistant to carbapenems. Among the isolates, 86.6% were multidrug resistant (MDR). Polymyxin B (18.3%) and tigecycline (23.3%) were shown to be the most active agents against K. pneumoniae isolates. In our study, the high prevalence of bla NDM (45%) and bla OXA-48 (10%) was detected. Conclusion: The results of this study revealed the widespread carbapenemase gene between different wards in hospitals as a risk factor for treatment options. PFGE analysis showed 11 clusters and 3 singletons based on an 80% similarity level. Also, PFGE analysis showed that there were similar genetic patterns among K. pneumoniae isolates and these patterns were responsible for the distribution of infection in hospitals.
Introduction
Klebsiella pneumoniae is a known cause of nosocomial infections, especially bloodstream-associated infections (BSIs), respiratory tract infections (RTIs), and urinary tract infections (UTIs). 1 This bacterium is the cause of hospital-acquired infections such as bloodstream infections, pneumonia, meningitis, sepsis, infections in newborns, and intensive care unit patients. 2 In the last decade, the rate of morbidity and mortality related to these infections has increased. 3 The incidence and mortality rates were reported as 7.1 per 100,000 per year and 1.3 per 100,000 per year, respectively. 4 In recent years, one of the biggest concerns for public health has been resistance to carbapenems, known as carbapenem resistance Enterobacteriaceae (CRE).
Carbapenemases have three crucial classes including Ambler's class A (KPC enzymes), class B metallo-betalactamase (NDM, VIM, and IMP enzymes), and class D oxacillinase (OXA-48-like enzymes). 5, 6 These classes are unique to some special microorganisms and geographical regions in the world; for instance, KPC producers are found all over the world, with reports from Greece, Israel, France, China, and South America. 7, 8 Amongst these beta-lactam genes, bla NDM and bla OXA have the most active role in creating microbial resistance. 9 Given the increasing trend of antibiotic resistance in K. pneumoniae, which has become a global concern, the use of an efficient genotyping method in order to monitor and control the wide spread of epidemic clones between hospitals is essential. 10, 11 Among different typing methods, pulsed-field gel electrophoresis (PFGE) is considered the gold standard for typing bacteria. 12 PFGE is a kind of molecular typing method that cuts DNA into smaller fragments by a specific enzyme, which helps to recognize the source and the outbreak of various species in the hospital. 13 In this method, the change in banding patterns can explain the main genetic events, and determine the spread of carbapenemase resistance strains of K. pneumoniae in different regions. Surveying the molecular typing of carbapenemase-producing Enterobacteriaceae (CPE) isolates can provide a better perspective of bacterial dissemination. 14, 15 Due to the importance of the aforementioned variants of carbapenemase genes and the increase in the rate of these genes in hospitalized patients, especially in K. pneumoniae, finding their source is important. Hence, we investigated the antibiotic resistance and pattern of carbapenemase gene spread by PFGE among K. pneumoniae isolates obtained from hospitalized patients in Shiraz, southwest Iran.
Materials and Methods Ethics
This study was approved by the Ethics Committee of Shiraz University of Medical Sciences, Shiraz, Iran (Approval No. IR.SUMS.REC.1395.S252). The study was carried out in accordance with the principles of the Declaration of Helsinki. However, there was no need to obtain informed consent as only leftovers from clinical specimens were used and personal details of all hospitalized patients were kept strictly confidential.
Bacterial Samples
Over an 8-month period, a total of 60 K. pneumoniae isolates were collected from Nemazee and Faghihi hospitals in Shiraz, Iran. These hospitals are two of the largest hospitals in southwestern Iran. The bacterial isolates were identified as K. pneumoniae via biochemical methods including oxidase, sugar fermentation, IMViC, Kliger's iron agar, nitrate reduction, and motility tests. 16 
Antimicrobial Susceptibility Testing
Antimicrobial susceptibility testing was done by the standard disk diffusion method and European Committee on Antimicrobial Susceptibility Testing (EUCAST) (http:// www.eucast.org/clinical_breakpoints/). Antimicrobial agents that were tested are as follows: ciprofloxacin (5 μg), cefepime (30 μg), gentamcin (10 μg), imipenem (10 μg), meropenem (10 μg), ceftazidime (30 μg), piperacillin (100 μg), ampicillin (25 μg), piperacillin/tazobactam (110/10 μg), aztreonam (30 μg), amikacin (30 μg), amoxicillin/clavulanic acid (20/10 μg), polymyxin B(300 U), and tigecycline (15 μg).
These antibiotics were purchased from MAST Chemical Company, UK. Escherichia coli ATCC 25922 was used as the standard strain in the antibacterial susceptibility testing. The MIC (minimum inhibitory concentration) by Epsilometer (E)-test strips (HiMedia, Co., India) was determined for isolates that were not susceptible to imipenem and meropenem in the disk diffusion for confirmation. 17 In the current study, multidrug resistant (MDR) isolates were determined as acquired resistance to at least one agent in three or more antimicrobial groups. 18 
Carbapenemase Screening Assays by Phenotypic Test
The Modified Hodge test (MHT) was performed to identify the carbapenemase, according to CLSI guidelines. 17 To detect MBL (metallo-beta-lactamase) producing isolates phenotypically, we performed a double-disk synergy test (DDST). Briefly, 0.5 m EDTA solution was prepared by dissolving 186.1 g of EDTA in 100 mL of distilled water, and the pH was adjusted to 8 by adding NaOH. Then, an IPM (10 µg) disk was placed 20 mm apart from a blank disk containing 10 µL of 0.5 m EDTA (750 µg) in a plate containing Muller-Hinton agar with cultured K. pneumoniae. The result was considered after 16-18 h of incubation at 37°C. In the DDST, zone inhibition enhancement between IPM and EDTA disks was considered MBL positive. 19 
DNA Extraction and Detection of Carbapenemase Genes
The boiling method was applied to extract the template DNA to detect carbapenemase genes. The primers were used to detect bla KPC , bla OXA-48-like , bla IMP , bla VIM , and bla NDM as described by Doyle et al. 5 The amplification reaction was carried out in a final volume of 25 μL containing 0.5 μL of each primer (10 pM), 12.5 μL of DNA Polymerase Master Mix RED (Ampliqon, Co., Denmark), 1 μL of DNA, and 10.5 μL of DNase and RNase-free water in a FlexCycler PCR. The Thermal Cycler (Analytik Jena, Germany) was performed through the following cycling conditions: an initial denaturation step at 95°C for 5 min, followed by 35 cycles of DNA denaturation at 95°C for 45 s, annealing at 45 s, and extension at 72°C for 1 min, and a final extension at 72°C for 8 min.
The PCR products were analyzed with gel electrophoresis on a 1.5% agarose gel in 0.5 Tris, EDTA, and Boric acid (TBE) buffer, followed by staining with KBC stain (CinnaGen, Iran) and visualized using a UV transilluminator. Positive controls for these genes were obtained from Pasteur Institute of Iran, Tehran.
DNA Sequencing
The purified PCR products of bla NDM and bla OXA-48 positive isolates were sequenced (Macrogen, South Korea). Then, the obtained nucleotide sequences were compared using online BLAST software (www.ncbi.nih.gov/ BLASTprogram), and confirmed as NDM-1 variant.
Pulsed-Field Gel Electrophoresis Procedure
All isolates were typed using a PFGE technique based on the PulseNet One-Day (24-28 h) Standardized Laboratory Protocol. 20 Briefly, the genomic DNA of E. coli isolates and Salmonellaser. Braenderup H9812 (standard marker) were embedded within agarose plugs. XbaI restriction endonuclease (10 U/μL) was used to digest genomic DNA according to the manufacturer's recommendations (Thermo Scientific, Waltham, MA, USA). The obtained restriction fragments were separated by the CHEF-DR III System (Bio-Rad Laboratories, Hercules, CA, USA), using 1% X174 Agarose LFTM (Amresco, Solon, OH, USA), with switch times of 6-36 s, a voltage of 6 V, and an involved angle of 120°at 14°C for 18-19 h. Gels were stained with GelRed™ (Biotium Inc., UK) and imaged with the UVItec Gel Documentation System (UVItec Ltd., Cambridge, UK). PFGE profiles were analyzed by Bionumerics software, version 7.1 (Applied Maths, Sint-Martens-Latem, Belgium). The Dice similarity coefficient with a UPGMA dendrogram was produced based on 1.5% tolerance windows and 1.5% optimization. An 80% cutoff line was considered to analyze genetic relatedness.
Statistical Analysis
Statistical analysis was performed using the chi-square test through SPSS 20 software; P values <0.05 were considered to be statistically significant. The prevalence of each antibiotic resistance was as follows: imipenem 33 (55%), meropenem 33 (55%), cefepime 49 (81.7%), ciprofloxacin 39 (65%), gentamcin 40 (66.7%), amikacin 36 (60%), aztreonam 49 (81.7%), ceftazidime 50 (83.3%), piperacillin 53 (88.3%), ampicillin 60 (100%), polymyxin B 11 (18.3%), piperacillin/tazobactam 42 (70%), tigecycline 14 (23.3%), and amoxicillin/ clavulanic acid 50 (83.3%) ( Figure 1 ). Our results showed that there were no statistically significant differences in the antibiotic resistance rate of isolates between different specimens except for amoxicillin/clavulanic acid (p=0.02). Also, no statistically significant differences were found between antibiotic resistances in different wards; but most antibiotic resistance was detected in ICU and internal wards. Based on MIC (MIC>4) results, 33 isolates were resistant to imipenem or meropenem.
Results

Carbapenemase and MBL Screening
The DDST and MHT were performed on 33 carbapenem resistant isolates and the following results showed that 31 (93.9%) of isolates were MBL producing and 2 (6%) isolates were negative. Also, the results of MHT revealed that 30 out of 33 carbapenem resistant isolates were carbapenemase producing and 2 isolates were negative.
Molecular Analysis of Carbapenemase Genes
Of 60 K. pneumoniae isolates, 33 were resistant to carbapenems. The frequency of bla NDM (27, 45%) and bla OXA-48 (6, 10%) genes was detected amongst the isolates, which was confirmed by sequencing. However, in this study, bla KPC , bla VIM , and bla IMP were not detected.
There was a significant difference between bla NDM-1 positive and different specimens (p=0.01); the presence of bla NDM-1 was significantly higher in urine in comparison with the other samples.
Genetic Relatedness of Isolates
A total of 33 isolates were chosen due to resistance to carbapenems, and the other 27 isolates were opted to type by PFGE technique for the type of specimens and ward of the hospital. The PFGE dendrogram revealed 11 clusters and 3 singletons based on an 80% similarity level, with a high prevalence of cluster C2, being related to 17 isolates, followed by clusters C1, C3, and A3 linked to 6 strains. The least common clusters were A2 and D2 (2 isolates) ( Figure 1 ). The 17 isolated strains of cluster C2 were from the internal, ICU, surgery, transplant, and central lab wards (Figure 1) .
The genetic patterns of C2 (isolates no. 41, 96, 105, and 62), C3 (isolates no. 19, 23, 15, and 17) , and C1 (isolates no. 198 and 38) of K. pneumoniae isolated had a high genetic similarity to the other groups. In the biggest cluster (C2), 4 isolates were similar (Figure 1 ). In this study, all 29 bla NDM-1 positive isolates belonged to 4 clusters (A1, C1, C2, and C3).
The isolates in the A1 profile were not multidrug resistant and 7 clusters (A2, A3, B1, B2, B3, D1, and D2) were sensitive to imipenem and meropenem (Figure 1) . The occurrence of different pulse types over the origin and ward is shown in Table 1 .
Discussion
K. pneumoniae, an important cause of nosocomial infections, causes severe morbidity and mortality, especially in intensive care unit, pediatric, surgical, and transplant wards. Also, this bacterium is one of the most important causes of nosocomial infections with multidrug resistance. 1 K. pneumoniae carbapenemases (KPCs) have been widely reported in the world, causing problems in the treatment of infections. 6 The spread of K. pneumoniae with resistance to different antibiotics will limit effective treatment options. 9 In most countries, the rates of resistance to carbapenems (imipenem, meropenem, and ertapenem) are on the rise in K. pneumoniae. 9, 21 Previous studies analyzed the use of broad-spectrum antibiotics (such as carbapenems), urinary catheters, and mechanical ventilation as the risk factors for acquiring CRE strains among hospitalized patients. 22 In the current study, the rate of multidrug resistance among K. pneumoniae isolates was 86.6%.
Also, resistance to imipenem and meropenem was 55%, and the rate of imipenem and meropenem resistance was increasing. The rate of resistance to imipenem and meropenem in our strains is in line with other studies in Tehran, Egypt, and China. [23] [24] [25] Carbapenemase such as bla NDM is a plasmid-borne gene; 25 so, it may have readily been transmitted to other susceptible bacteria and make them resistant to carbapenemase, which might lead to failure in controlling spread of these bacteria in the hospital environment. This study investigated the prevalence of carbapenemase genes (bla NDM and bla OXA-48 were 45% and 10%, respectively); these genes were isolated from different wards, especially the ICU. In addition, KPC isolates (13/25, 52%) were obtained from patients in the ICU, which highlights the importance of this ward, and the length of hospitalization in this section. Our results were in line with studies from Turkey and Tehran. 26, 27 In this study, the bla OXA-48 gene was detected in 6 (10%) of the KPCs producing isolates. The OXA-48 gene is one of the most bla OXA-48-like common variants belonging to class D carbapenemase. The plasmid bla OXA-48 gene is located within a composite transposon, namely Tn1999, that flanks the carbapenemase gene and facilitates mobilizing an intervening DNA segment. 28 The first report of the bla OXA-48 gene was reported in Turkey in 2001. 29 Different distribution of the bla OXA-48 gene was reported in different parts of Iran, in Tehran in 2014 (96.4%) and Isfahan in 2018 (90.2%). 29, 30 Also, the prevalence of OXA-48 genes among K. pneumoniae strains was reported from several countries including China, France, Turkey, and Saudi Arabia, [31] [32] [33] [34] which raises serious concerns when treating patients in different parts of the world. In the current study, the results showed that a combination of phenotypic and molecular tests should be used simultaneously to detect carbapenemase. In a study in Tehran, Iran, PFGE as the molecular typing method revealed a high genomic relatedness among K. pneumoniae isolates. Epidemiological investigation such as PFGE is used for the bacteria isolates outbreak and also isolates transmission among patients, and within hospital wards. 23 In this study, PFGE analysis showed that K. pneumoniae was divided into 11 clusters and 3 singletons. The largest clusters had 4 similar isolates, and the other clusters had 2 or 3 identical isolates (Figure 1 ). Remarkably, clusters A1, C1, and C2 (isolates no. 138, 28, 144, and 197; 180, 30, and 39; and 105, 41, 61, 96, 154, and 217) had similar patterns of resistance and carbapenemase genes. Also, PFGE profiles showed the most prevalent carbapenemase-producing K. pneumoniae was found in cluster C1 in the ICU ward. In this cluster, all of the K. pneumoniae isolates had bla NDM or bla OXA . K. pneumoniae is one of the most important pathogens found in the intestinal tract and in the human nasopharynx. The carrier rate is 60-70% in the hospital, and related nosocomial infections are transmitted through person to person, environment, or contaminated water and food, infected individuals, contaminated healthcare personnel's skin, or contact via shared items and surfaces. 27 Due to similarity of these isolates, inter-hospital transfer between patients is likely to happen, for example in the ICU, transplant, and internal wards. In the current study, the isolate numbers 20 and 42 were similar, which were detected in the urine sample of patients admitted to the ICU. It seems that this might be due to transmission of isolates between patients in the ICU. Although the hospital environment such as door knobs, bed sheets, stethoscopes, etc. can also be considered as transmitters, the major transmission route has been said to be hospital staff, nurses, doctors, and colonies of patients which might cause crosstransmission. Also, medical staff and employees working outside the hospital cause the wide spread of strains in different hospital wards. 25 Infection control precautions applying the basic rules of sanitation, efficient use of disinfectants, and careful handwashing would significantly decrease such transmissions. 35 A study from Egypt reported that they had isolated clonally related strains which were from different sources including different patients in a hospital and environmental samples. 24 In another study in Kurdistan, Iran, PFGE analysis of K. pneumoniae isolates was performed, and they identified 11 various profiles and one major clone, and transmission between patients and different wards was also proposed. 36 According to a previous study, environmental reservoirs in hospitals can cause the transmission of different bacteria and antibiotic resistance in different wards. 25 As previously reported, antimicrobial resistance genes can easily spread among different species and strains and distribute among the hospital wards. Transmission of microbial infections and resistant genes to carbapenems was reported in hospital wards. 23, 26, 27 The role of infection control and careful surveillance is very important in hospitals in order to reduce infections and antibiotic resistance. We can use this strategy to prevent and manage antimicrobial resistance in nosocomial settings and reduce the outbreaks.
In general, the results of this study showed that there were similar genetic patterns among isolated K. pneumoniae isolates from Nemazee referral hospital, in Shiraz. These patterns are responsible for dissemination of infection in hospitals. However, we did not see any similar genetic patterns between the collected isolates from Faghihi hospital, which might be due to timing when the samples were collected; only four K. pneumoniae isolates were isolated from this hospital. Moreover, there is a genetic correlation between these patterns; also, they might have similar genetic origin. However, we understood that most of these types are resistant to most common antibiotics and 29 isolates had carbapenemase genes; hence, designing a protective program to control infections created in different parts of hospitals, especially the ICU, is vital.
Environmental samples could have been collected in this study, which limits better explanation of the spread of our studied resistant bacteria.
Conclusion
It is important to identify the antibiotic resistant genes in each hospital via proper molecular methods and to determine the antibiotic resistance pattern in order to prescribe proper antibiotics for an effective treatment. Genotypic methods for carbapenemase detection such as PCR as a rapid sensitive method and finding the source of infection in outbreaks using PFGE may help to develop infection control strategies and decrease the chance of spreading organisms in hospitals.
